Abstract The preparation of eco-friendly low-cost silkworm feces activated carbon (SFAC) for the removal of oxamyl pesticide from aqueous solution has been investigated in batch experiments. Structure and morphology of SFAC were characterized by Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), field emission scanning electron microscopy (SEM). The specific surface area and mean pore diameter were obtained as 75.219 and 0.2035 cm 3 g -1 , respectively. The effect of different physicochemical parameters such as initial oxamyl concentrations, activated carbon dose and contact time has been studied. The results showed that the oxamyl removal on SFAC was unaffected in the pH range of 2-10. The percent removal of oxamyl onto SFAC was 99.48% from aqueous solutions. The adsorption process attained equilibrium within 120 min of contact time. Equilibrium data were analyzed by the Freundlich, Langmuir and Dubinin-Radushkevich (D-R) isotherm models. Freundlich isotherm provided the best fit to the equilibrium data. Adsorption kinetic was fitted well by the pseudo-secondorder kinetic model. The results revealed that SFAC could be used a low-cost and eco-friendly alternative to other adsorbents for the oxamyl removal from aqueous solution.
Introduction
The common usage of pesticides (hazardous compounds) has some undesirable effects such as toxicity, carcinogenicity and mutagenicity [7, 10, 36] . The presence of pesticides in water can cause serious environmental and human health problems.
Oxamyl (methyl N 0 -dimethyl-N-[(methyl carbamoyl) oxy]-l-thiooxamimidate) is an oximino carbamate pesticide, systemic and active as an insecticide or a nematicide. It is used for the control of nematodes in vegetables, bananas, pineapple, peanut, cotton, soya beans, potatoes, sugar beet and other crops. Oxamyl is characterized by its high water solubility (280 g/L), has a very low soil sorption coefficient, therefore, and has high potential for movement in the soil profile. In addition, it is characterized by high acute toxicity (LD 50 = 2.5 mg/Kg). It can easily cause contamination of both ground and surface water resources. In addition, various amounts of oxamyl have been detected in surface and ground waters not only during actual insecticide application, but also after a long period of use.
The removal of pesticides from water is one of the major environmental concerns nowadays. Photocatalytic degradation [24, 53] , ultrasound combined with photo-Fenton treatment [34] , advanced oxidation processes [57] , ozonation [41] and adsorption [20] are different methods used to remove the pesticides from water. One of the most widely used techniques is adsorption by activated carbon (AC) coming from agricultural wastes which show greater potential for the treatment of wastewaters due to very large quantities, easy to get and very low costs [43, 39] . For the above reasons, a wide range of agricultural wastes including banana and pomegranate peels [44] and rice husk [29] , sugar beet pulp [37] , corn wastes [1] , tea waste and rice husks [54] , walnut shells [42] , chestnut shells [15] , orange peels [23] , walnut [33] and citrus limetta peel [49] . Lit et al. [38] studied the abilities of biochars produced from six agriculture wastes (soybeans, corn stalks, rice stalks, poultry manure, cattle manure and pig manure) to remove atrazine pesticide from contaminated water.
Several authors have successfully studied a variety of low-cost, effective and locally available adsorbents for the removal of different types of pesticides, Naushad et al. [45] , Tran et al. [52] and Bansal [9] .
To the best of our knowledge, there is no any study devoted to the potential applicability of silkworm feces activated carbon for the removal of pesticide from an aqueous solution. Some researchers [19] prepared activated carbons from silkworm feces via chemical activation method and used them as cheap adsorbents for removal cadmium and methylene blue from aqueous solutions.
Silkworm feces are non-toxic, low-cost, effective and environmentally friendly adsorbent. They are effective in the treatment of skin diseases and possess anti-inflammatory characteristics.
The current study aims to use silkworm feces as an inexpensive and environmentally friendly precursor for the production of activated carbon (SFAC) and to test its ability to remove oxamyl pesticide from aqueous solution under different conditions. Adsorption isotherm and kinetic parameters were also calculated and discussed.
Materials and methods

Chemicals
All reagents used in this study were of analytical grade. Before each experiment, all glassware were cleaned with dilute nitric acid and repeatedly washed with deionized water.
Preparation of activated carbon (SFAC)
Silkworms' feces were kindly obtained from Sericulture Research Department, Agricultural Research Center (ARC), Egypt, were washed repeatedly with distilled water for several times to remove dirt particles and soluble impurities and were allowed to air-dry in an oven at 80°C for 2 days. The sample was then soaked in orthophosphoric acid (H 3 PO 4 ) with an impregnation ratio of 1:1 (w/w) for 24 h and dehydrated in an oven overnight at 105°C. The resultant sample was activated in a closed muffle furnace to increase the surface area at 500°C for 2 h in the absence of air. The SFAC produced was cooled to room temperature and washed with 0.1 M HCl and successively with distilled water. Washing with distilled water was done repeatedly until the pH of the filtrate reached 6-7. The final product was dried in an oven at 105°C for 24 h and stored in vacuum desiccators until needed [46] .
Instruments
The surface morphology of prepared activated carbon was examined using a scanning electron microscopy, Quanta 250 FEG (Field Emission Gun) with accelerating voltage 30 kV. Surface area and pore size distribution were measured using BELSORP-mini II instrument. The surface functional groups and structure were studied by FTIR spectrophotometer (PerkinElmer 1720) in the range of 400-4000 cm -1 . The samples were examined as KBr disks. The crystallographic structure of the activated carbon sample is studied using powder X-ray diffraction analyzer (XPERT PRO, Netherland) with Cu Ka radiation (1.54 Å ) at 40 kV and 40 mA, in 2h range 4-80°.
Adsorption experiments
All chemicals used in this work were of analytical reagent grade and were used without further purification. Batch adsorption experiments were conducted for the removal of oxamyl using silkworm feces activated carbon as a function of initial pH (2-10), initial oxamyl concentration (100-2500 mg/L), adsorbent dose (0.1-1.5 g/100 mL) and contact time (5-180 min). All the experiments were carried out at room temperature.
The adsorption of oxamyl by SFAC was studied over a pH range of 2-10. The influence of the initial solution pH was studied by shaking 1 g of sorbent and 100 mL of the oxamyl solution (500 mg/L) at different pHs. The flasks were agitated for 2 h. The solution pH was adjusted at the desired value by adding a small amount of HCl (0.1 M) or NaOH (0.1 M).
After adsorption process, the adsorbent was separated from the sample by filtering and the filtrate was transferred to a separatory funnel and extracted successively three times with 20, 15 and 10 mL portions of dichloromethane. The combined extracts were dried on anhydrous sodium sulfate to remove moisture content and evaporated using a rotary evaporator on a water bath at 40°C. All samples should be cleaned by filtration with target nylon (0.45 lm) prior to analysis in order to minimize the interference of the carbon fines with the analysis. The samples were analyzed using HPLC with DAD (diode array detector). The equilibrium and kinetics data were obtained from batch experiments.
The amount of oxamyl adsorbed (q e ) was calculated by using the following mass balance equation:
The removal efficiency of oxamyl was calculated as follows:
where C 0 and C e are the initial and the equilibrium concentrations of oxamyl mg/L, respectively, V is the volume of solution (mL), and W is the amount of adsorbent used (g).
Fitness of the adsorption isotherms models
The isotherm models were evaluated for fitness of the adsorption data by calculating the sum of squared error (SEE). The SEE values were calculated by the equation:
where Y is an actual score, Y' is a predicted score, and N is the number of data points. In this study, the standard error of estimate was used to confirm the best fitting. If data from the model are similar to the experimental data, error is a small number.
Analysis of oxamyl
The concentrations of oxamyl in the solutions before and after adsorption were determined using an Agilent HPLC 1260 infinity series (Agilent technologies) equipped with a quaternary pump, a variable wavelength diode array detector (DAD) and an autosampler with an electric sample valve. The column was Nucleosil C 18 [30 9 4.6 mm (i.d) 9 5 lm] film thickness. The mobile phase was 60/40 (V/V) mixture of HPLC grade acetonitrile/water. The mobile phase flow rate was 1 mL/min. The wavelength was 220 nm. The retention time of oxamyl was 2.4 min, and the injection volume was 5 lL under the conditions.
Results and discussion
Characterization of the prepared adsorbent (SFAC)
Surface morphology of SFAC
The SEM micrographs of SFAC are shown in Fig. 1a , b. The SEM image of SFAC before adsorption ( Fig. 1a) illustrates the irregular size and shape of individual grains and heterogeneous surface morphology. The porous structure is appearing with different widths. After adsorption, it is obvious that the pores have been covered by the oxamyl (Fig. 1b) . Silkworm feces activated carbon (SFAC) samples were first degassed under high vacuum at 350°C for 8 h. Nitrogen adsorption-desorption isotherms of ACs were measured at nitrogen temperature (77 K). Figure 2 shows the N 2 adsorption-desorption isotherms of the SFAC. It is noted that the sample (SFAC) displayed isotherms of type IV, signifying that the sample contained mesopores with sizes ranging from 2 to 50 nm. According to the BET method, the specific surface area and mean pore diameter were obtained as 75.219 m 2 g -1 and 0.2035 cm 3 g -1 , respectively. 
Function groups of SFAC
The FTIR spectrum of SFAC is illustrated in Fig. 3 . A wide absorption band at 3431 cm -1 is assigned to O-H stretching vibrations of hydrogen bonded hydroxyl group of polymeric compounds, such as alcohols, phenols and carboxylic acids, as in pectin, cellulose groups on the adsorbent surface. The oxygen functional groups on the surface of SFAC greatly enhance its hydrophilic properties and also act as binding sites for the organic pollutant molecules [14] .
The peaks at 2816 and 2921 cm -1 are attributed to the symmetric and asymmetric C-H stretching vibration of aliphatic acids. The peak observed at 1622 cm -1 is due to C=C stretching that can be attributed to the aromatic C-C bond, C-N and C-O-(1157 cm -1 ). The bands located at 1077 cm -1 are attributed to C-H in plane. The bands around 1440 cm -1 are due to the symmetric bending of -CH 3 . After loading, the most of characteristic peaks corresponding to these groups unchanged. However, there are also different changes in some peaks. The wave number of -OH group blueshifted from 3431 to 3405 cm -1 compared with that of SFAC. Hao et al. [30] had reported that the changes in some peaks of silkworm were seemed to be fact that -OH and-NH 2 participate in the adsorption process.
Adsorption of the pesticides was considered to take place mainly by dispersion forces between electrons in the oxamyl pesticide structure and electrons in the SFAC surface. The adsorption of oxamyl on SFAC may be mainly due to dispersion forces and polarization of p electrons (electron-rich portion of the adsorbate).
A covalent bond between the pesticide and the surface of the carbon is formed Al-Qodah and Shawabkah [5] and Guixia et al. [25] . Moreover, the ionization of nitrogen atoms and/or NH groups in pesticide molecules is likely to occur, leading to the adsorption of more pesticide molecules on the surface of the carbon. Figure 4 shows the interaction mechanism of oxamyl pesticide onto activated carbon prepared from silkworm feces.
X-ray diffraction
The XRD pattern of the SFAC sample (Fig. 5) showed that defined and considerably sharp peaks at 23.9°and 42°were attributed to the presence of carbon and graphite [12] , while different peaks which can related to specific compounds were found in ash. Meanwhile, peaks at 25°, 27°, 31°, 35°and 42°were attributed to titanium oxide, calcium corresponding silicate magnetite and iron oxide, respectively.
The effect of the initial pH
To study the influence of pH on the adsorption capacity of SFAC for oxamyl, experiments were performed at room temperature and oxamyl initial concentration of 500 mg/L using different initial solution pH values, varying from 2 to 10. The obtained results of removal of oxamyl at different pH solution values are shown in Fig. 6 . It is clear that oxamyl was unaffected by varying pH of solution. A similar trend of pH effect was observed for the adsorption of anthracene on activated carbon and P. oceanica [21] and Al-Zaben and Mekhamer [6] . Thus, medium pH was used to study the adsorption isotherms and kinetics.
The effect of adsorbent dose
Adsorbent dose is an important parameter in the determination of adsorption capacity for a given initial concentration of the adsorbate under the operating conditions. The effect of adsorbent dose on removal of oxamyl by SFAC was studied by varying the dose of adsorbent in the range of 0.1-1.5 g/100 mL solution, while all the other variables were kept constant. Batch experiments were conducted at initial concentration 500 mg/L. The results are shown in Fig. 7 for oxamyl. It is evident from the plots that the percentage removal of oxamyl from aqueous solution increases with increase in the adsorbent dose. It was observed that the removal efficiency increased from 99.18 to 99.49% for oxamyl with the adsorbent dose varying from 0.1 to 1 g, and thereafter, it reached a constant value, Fig. 2 N2 adsorption-desorption isotherms of the silkworm feces activated carbon which is probably due to an increase in the number of binding sites available for biosorption [3, 48] . Further increase in adsorbent dose did not significantly change the biosorption yield. The optimum dose is 1 g/100 mL.
Effect of different concentrations
The adsorption experiments were conducted with different initial concentrations of oxamyl pesticide (100-2500 mg/ L), 1 g/100 mL of SFAC for 2 h. The wide range of initial concentration of oxamyl was used to observe the adsorption performance of SFAC for oxamyl at both low and high concentrations of oxamyl. It has been found that the biosorption capacity of the adsorbent SFAC increases from 9.969 to 248.76 mg/g with increasing pesticide concentrations from 100 to 2500 mg/L, respectively. The increase in equilibrium adsorption capacity may be due to the utilization of all available active sites for adsorption at higher oxamyl concentration, a larger mass transfer driving force and increased number of collision between pesticide molecules and SFAC, as shown in Fig. 8 .
Effect of contact time
The rate at which adsorption takes place is most important during designing batch adsorption experiments. In order to determine the equilibrium time for maximum uptake of oxamyl, at a contact time study was performed with initial oxamyl concentration of 1000 mg/L, adsorbent dose (1 g for SFAC), at room temperature and contact time 5-180 min. The graphical representation of the contact time is given in Fig. 9 . The adsorption of oxamyl is rapid for the first 30 min, and finally, equilibrium is established after about 120 min. The rapid pesticide adsorption at the initial stages of contact time could be attributed to the abundant availability of active sites on the surface of Fig. 3 FTIR spectra of (a) silkworm feces activated carbon before adsorption of oxamyl and (b) after adsorption adsorbents. Afterward with the gradual occupancy of these sites, the adsorption became less efficient due to the decreased or lesser number of active sites [35] . Further increase in contact time did not enhance the adsorption, so, the optimum contact time for the adsorbent was selected as 120 min for further experiments. This is in agreement with the results obtained for hazelnut shell [16] .
Biosorption kinetics
For analyzing the adsorption kinetics of oxamyl, the pseudo-first-order, pseudo-second-order and the intraparticle diffusion models were applied to the experimental data.
The pseudo-first-order rate equation is one of the most widely used equations for the adsorption of a solute from an aqueous solution and is represented as:
where q e and q t are the amount of pesticide adsorbed (mg/ g) at equilibrium and time t, respectively. K 1 is the firstorder reaction rate constant (l/min). Examination of the data shows that the pseudo-first-order kinetic model is not applicable to oxamyl adsorption onto SFAC (data not shown) judged by low correlation coefficient. The pseudo-second-order equation based on adsorption equilibrium capacity may be expressed as follows: 
where q e is the equilibrium biosorption capacity and K 2 is the pseudo-second-order rate constant (g/mg min). A plot of (t/q t ) versus t gives a linear relationship for the applicability of the second-order kinetic model as shown in Fig. 10 . As seen in Table 1 due to high R 2 , the pseudo-secondorder model is predominant kinetic model for the oxamyl removal by silkworm feces activated carbon biosorbent. The similar kinetic result was reported for hazelnut shell, Pyracantha coccinea and drin pesticide on the surface of acid-treated olive stones [4, 18, 50] . According to the high regression coefficient, the adsorptions of oxamyl onto SFAC are best fitted by the pseudo-second-order kinetic model compared to pseudo-first-order kinetic model.
The adsorption mechanism
In order to identify the diffusion mechanism, the intraparticle diffusion model described by Weber and Morriss is [55] .
where K i is the intraparticle diffusion rate constant (mg/ g min 1/2 ) and C (mg/g) is a constant that gives an idea about the thickness of the boundary layer, i.e., the larger the value of C, the greater the boundary layer effect. The value of K i was calculated from the slope of the linear plot of q t versus t 1/2 . According to this model, if the regressions of q t versus t 1/2 is linear and pass through the origin, then intraparticle diffusion is the rate controlling step. Examination of the data showed that the regression was linear, but the plot did not pass through the origin (data not shown), suggesting that removal of oxamyl on silkworm feces activated carbon involved intraparticle diffusion but not the only rate controlling step. Other kinetic models may control the adsorption rate.
It could be stated that this process is complex and may involve more than one mechanism. This is in accordance with the results obtained for Araucaria angustifolia [13] and garlic peel, Hameed and Ahmad [28] .
Adsorption isotherm
Adsorption isotherm expresses the relationship between pesticide adsorbed onto the adsorbents and pesticide in the solution and provides important design parameters for adsorption system. Several equilibrium models have been used to describe the adsorption data. Langmuir, Freundlich and Dubinin-Radushkevich (D-R) models are the most widely used.
The Freundlich adsorption model deals with non-ideal sorption onto heterogeneous surfaces involving multilayer sorption. The linear form of the Freundlich adsorption isotherm is log q e = log K f þ 1=n log C e ð5Þ
where K f is adsorption capacity and 1/n is related to the degree of surface heterogeneity (smaller value indicates more heterogeneous surface, whereas value closer to or even 1.0 indicates a material with relatively homogenous binding sites). The value of n obtained as a result of plotting of log C e versus log q e is shown in Fig. 11 . Data given in Table 2 suggest that adsorption of oxamyl onto Fig. 10 Pseudo-second-order kinetic model for the removal of oxamyl using silkworm feces activated carbon (initial oxamyl concentration 1000 mg/L, adsorbent dose 1 g/100 mL at room temperature) F 1906) . The values of 'n' indicate the degree of nonlinearity between solution concentration and adsorption. If the value of n is equal to unity, the adsorption is linear; if the value is below unity, this implies that adsorption process is chemical; if the value is above unity, adsorption is a favorable physical process [27, 40] . The Langmuir model suggests that uptake occurs on a homogeneous surface by monolayer sorption without interaction between the adsorbed molecules [56] . The linear form of Langmuir adsorption isotherm is
where q e is the amount adsorbed onto adsorbent at equilibrium, b is the Langmuir constant, and q m is the monolayer adsorption capacity. The plot of C e /q e versus C e is employed to generate the intercept value of 1/bq m and slope of 1/q m as shown in Fig. 11 . One of the essential characteristics of this model can be expressed in terms of the dimensionless separation factor for equilibrium parameter, R L , defined by [22] 
The value of R L indicates the type of isotherm to be
The value of R L in the present investigation was found to be 0.007, indicating that the adsorption of oxamyl on SFAC is favorable. Adsorption capacity from the present study was compared with other adsorbents from previous studies [8] which is shown in Table 2 . q max of oxamyl in silkworm feces was almost 4 times greater than that in apricot stone which is shown in Table 2 according to the source of the activated carbon. Also the starting material significantly influences physical and chemical properties of activated carbon as a result.
Based on the correlation coefficient (R 2 ) shown in Table 2 , the adsorption isotherms of oxamyl on SFAC can be slightly better described by the Freundlich equation. Thus, the results of the present study indicate that biosorption of oxamyl onto SFAC is heterogeneous in nature. However, the sum of squared error SEE test (Table 2 ) for Langmuir isotherm model exhibited lower values than for Freundlich isotherm model. Similar results have been reported for the adsorption of phosphate ions by pine cone [11] .
Dubinin-Radushkevich (D-R) proposed another equation used in the analysis of isotherms. D-R model was applied to estimate the porosity apparent free energy and the characteristic of adsorption [17] . The D-R isotherm does not assume a homogeneous surface or constant sorption potential, and it has commonly been applied in the following form Eq. (8) and its linear form can be shown in Eq. (9):
where K is a constant related to the adsorption energy, q e (mg/g) is the amount of pesticide adsorbed per g of adsorbent, q m represents the maximum adsorption capacity of adsorbent, b (mol 2 /J 2 ) is a constant related to adsorption energy, while e is the Polanyi potential that can be calculated from Eq. (10):
The values of b and q m can be obtained by plotting ln q e vs. e 2 . The mean free energy of adsorption (E, J/mol), defined as the free energy change when one mole is transferred from infinity in solution to the surface of the sorbent, is calculated using the following relation Eq. (11):
The calculated values of D-R parameters are given in Fig. 11 and Table 2 . The saturation adsorption capacities q m obtained using D-R isotherm model for adsorption of oxamyl SFAC are 169.44 mg/g. The mean energy of adsorption is the free energy change when one mole of pesticide is transferred to the surface of the solid from infinity in the solution. The value of this parameter can give information about adsorption mechanism. When one mole of pesticide is transferred, its value in the range of 1-8 kJ/mol suggests physical adsorption [47] , the value of E is between 8 and 16 kJ/mol, which indicates the adsorption process, follows by ion-exchange [31] , while its value in the range of 20-40 kJ/mol is indicative of chemisorption [51] . So, the values of E calculated is 1.11 kJ/mol, indicating that weak physical forces such as van der Waals and hydrogen bonding affect the adsorption process of oxamyl onto SFAC. These E values are in agreement with [2] for the adsorption of dyes by loofa activated carbon and drin pesticides onto acid-treated olive stones [32] .
Adsorption capacity from the present study was compared with other adsorbents from previous studies [8] are shown in Table 3 . The maximum adsorption capacity qmax of oxamyl by silkworm feces was almost 4 times greater than that in Apricot stone in Table 3 according to the source of the activated carbon. Also the starting material significantly influences physical and chemical properties of activated carbon as a result. 
Conclusion
The present study focused on removal of oxamyl pesticide from aqueous solution using eco-friendly silkworm fecesbased activated carbon. The adsorption has been examined with the variations in the parameters of activated carbon dose, initial oxamyl concentration and contact time. The experimental data were analyzed using Langmuir, Freundlich and Dubinin-Radushkevich (D-R) isotherm models. The Freundlich model provides the best correlation of the experimental equilibrium data. The adsorption system obeys the pseudo-second-order kinetic model. The results indicated that the SFAC could be a promising biosorbent for the removal of oxamyl from aqueous solution.
